Kappa-opioid receptor () antagonists are potential therapeutic agents for a range of psychiatric disorders. The feasibility of developing -antagonists has been limited by the pharmacodynamic properties of prototypic -selective antagonists, that is, they inhibit receptor signalling for weeks after a single administration. To address this issue, novel trans-(3R,4R)-dimethyl-4-(3-hydroxyphenyl) piperidine derivatives, based on JDTic, were designed using soft-drug principles. The aim was to determine if the phenylpiperidine-based series of -antagonists was amenable to incorporation of a potentially metabolically labile group, whilst retaining good affinity and selectivity for the -receptor. Opioid receptor binding affinity and selectivity of three novel compounds (BU09057, BU09058 and BU09059) were tested. BU09059, which most closely resembles JDTic, had nanomolar affinity for the -receptor, with 15-fold and 616-fold selectivity over  and receptors, respectively. In isolated tissues, BU09059 was a potent and selective -antagonist (pA2 8.62) compared with BU09057 (pA2 6.87) and BU09058 (pA2 6.76) which were not -selective. In vivo, BU09059 (3 and 10 mg/kg) significantly blocked U50,488-induced antinociception and was as potent as, but shorter acting than, the prototypic selective -antagonist norBNI. These data show that a new JDTic analogue, BU09059, retains high affinity and selectivity for the -receptor and has a shorter duration of -antagonist action in vivo.
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Characterization of BU09059: a novel potent selective -receptor antagonist
Introduction
Kappa-opioid receptors () are Gi/o-coupled receptors that are activated by the neuropeptide dynorphin (1) . Both prodynorphin, the precursor for dynorphin peptides, and -receptor expression is high in the brain structures underlying emotional control and stress responses, including brainstem nuclei, amygdala, hippocampus, and cortical regions (2) (3) (4) . -agonists induce dysphoric responses in humans and aversive responses in rodents (5) (6) (7) whereas -antagonists, -receptor gene deletion or prodynorphin gene disruption block stress-induced behavioural responses (8, 9) . Hence there is growing interest in antagonists as potential therapeutic treatments for a variety of psychiatric diseases, including substance misuse and mood disorders (10, 11) .
High affinity, selectiveantagonists have an unusual pharmacodynamic property that is not (JDTic), 5'guanidinonaltrindole (GNTI) and norbinaltorphimine (norBNI) (12) (13) (14) . However, these compounds all have very long-lasting effects in vivo. For example, a single dose of a selective antagonist, such as JDTic, has peak effects at 7 days and long-lasting receptor blockade up to 21 days post-injection (15) . Diverse mechanisms have been proposed to account for this unusual long duration of action of selective antagonists (13) . For example, it has been suggested that -antagonists are lipophilic and may form depots in the neuronal membranes which may lead to slow clearance of -antagonists from the brain. An alternative mechanism for the long-lasting action of antagonists is that they are resistant to metabolic pathways or produce metabolites that are active at the receptors, although little is known about the metabolism of these compounds (13) . More recently, -antagonists have been shown to produce ligand-directed signalling at the -receptor, with long-lasting -antagonists producing a c-Jun N terminal kinase (JNK) mediated inactivation of the -receptor (16, 17) .Whatever the mechanisms are that account for the long-duration of -antagonist action, such pharmacodynamic properties may not be ideal for therapeutic development. Recently, a Phase 1, first in human clinical trial with JDTic was terminated due to undisclosed adverse effects (ClinicalTrials.gov identifier NCT01431586). Therefore, there remains a need to develop alternative, including shorter-acting, selective -antagonists.
Our approach has been to investigate whether the phenylpiperidine series of opioid antagonists can be modified to produce high affinity, selective -antagonists with a shorter duration of action than the prototypic -antagonists. We have synthesised ester containing ligands BU09057, BU09058 and BU09059 ( Figure 1 ). The ligands in this study retained the trans-3,4-dimethyl(3-hydroxyphenyl)piperidine moiety of JDTic, that serves as the message that recognises all opioid receptors and the tetrahydroisoquinoline amino group that confers selectivity (address) for -receptors (18) . The isopropyl side chain of JDTic has been omitted from two of the targets due to the synthetic challenge posed in incorporating it alongside the labile functionality. The amide is replaced by the isosteric, and potentially metabolically labile, ester group in BU09057 and BU09058. BU09059 can be considered the closest analogue to JDTic, the side chain ester being used to mimic, as closely as possible, the isopropyl group present in JDTic. It was not clear whether changes of this magnitude could be tolerated whilst retaining affinity and selectivity for the -receptor. This paper describes the in vitro and in vivo characterization of BU09057, BU09058 and BU09059.
Results and Discussion
We have synthesized novel compounds with the aim of developing high affinity, selective -antagonists with a shorter duration of action than the prototypic -antagonists, such as norBNI. This is important for understanding the neurobiology of -receptors and also for the development of novel therapeutics that target -receptors. Novel ligands were designed using the structure of JDTic as a starting point ( Figure 1) . As far as possible, the critical SAR features identified by Thomas et al. (18, 19) to be essential for the high affinity and selectivity towards the -receptor were conserved. BU09057 and BU09058 both lack the isopropyl side chain found in JDTic, while in BU09059 an ester moiety is used to mimic the side chain. Potential sites of metabolism were designed within the chain connecting the message and address portions (BU09057, BU09058), or in a side chain off the connecting linker unit (BU09059). Like JDTic, each of the ligands has properties that would predict access to the brain and thus CNS activity ( Figure 1 ). The synthesis and chemical characterization of the novel compounds is described in the Supporting Information. All compounds assayed were of ≥ 95% purity.
The affinities of BU09057, BU09058, BU09059, norBNI and GNTI for the -, -and -opioid receptors were determined using the competitive [ 3 H]-diprenorphine binding assay (Table 1) .
Of the novel compounds tested, BU09059 had highest affinity for the -receptor (Ki 1.72 ± 4.38 nM) and showed promising selectivity for  (15 fold) in the range of the standard -opioid receptor antagonists norBNI and GNTI. Interestingly, the selectivity of BU09059 for  (616 fold) far exceeded that of norBNI and GNTI. In this study, norBNI and GNTI appeared to have greater binding affinities for  and  receptors than previously published data, thereby reducing the apparent selectivity of norBNI compared to the 169-fold  selectivity reported by
Takemori et al. (20) Antagonist action and potency was confirmed in isolated tissue preparations (Figures 2, 3 ).
Electrically-evoked twitches in the isolated guinea-pig ileum were inhibited by approximately 90% by maximal concentrations of the -agonist U50488 and the -agonist DAMGO.
BU09057 (150 nM) produced a significant rightward shift in the U50,488 concentrationresponse curve (CRC) (control pEC50 = 7.63 (7.81 to 7.39, 95% CI); 150 nM BU09057 pEC50 = 7.30 (7.34 to 7.25, 95% CI); n = 4; P < 0.01) and of the DAMGO CRC (control pEC50 = 7.51(7.95 to 7.07, 95% CI); 150 nM BU09057 pEC50 = 6.85 (7.05 to 6.64, 95% CI); n = 4; P < 0.05), without significant effects on the U50,488 or DAMGO Emax ( Figure 2 to 7.55, 95% CI); n = 4; P < 0.05) without affecting Emax ( Figure 2 ). Thus, the -and -antagonist effects produced were surmountable with increasing concentrations of agonist.
Antagonist potencies (pA2) were determined by Schild plot analysis, in each case unity was within the 95% confidence limits of the slope of the Schild plot ( Table 2 ). These experiments demonstrated that BU09057 and BU09058 are moderately potent antagonists at both the -and -receptors with no selectivity for either subtype.
In contrast, BU09059 was revealed to be a potent and selective -antagonist in the isolated guinea-pig ileum. Increasing concentrations of BU09059 produced reversible progressive parallel rightward shifts of the U50,488 CRC (control pEC50 = 7.80 (8.50 to 7.09, 95% CI); 20 nM BU09057 pEC50 = 6.98 (7.13 to 6.83, 95% CI); n = 4; P < 0.05), without affecting Emax ( Figure 2 ). Interestingly, BU09059 had no significant effects on the DAMGO CRC at concentrations up to 100nM. The pA2 value for BU09059 at the -receptor was 8.62 (Table2).
To further investigate the selectivity of BU09059 for -receptors, the mouse vas deferens assay was used to examine effects at -and -receptors ( Figure 3 ). Electrically-evoked twitches of the mouse vas deferens were inhibited by almost 90% by maximal concentrations of the -agonist DAMGO and the -agonist DPDPE. At concentrations up to 5 M, BU09059 was without significant effect on the DAMGO CRC (control pEC50 = 7.12 (7.22 to 6.98; 95% CI);
5 M BU09059 pEC50 = 7.09 (7.36 to 6.83; 95% CI); n = 4; P>0.05) or the DPDPE CRC BU09059 was considered the closest analogue to JDTic, the ester side chain being slightly larger and electronically dissimilar to the isopropyl group of JDTic. Previously, a JDTic analogue with slightly increased bulk at this position has been reported to retain high affinity and selectivity for the -receptor (14, 23) (21) . This change in binding affinity was expected, since Cueva et al. (24) have shown that increasing the length of this side chain in JDTic (from an isopropyl to a sec-butyl group) reduces both the antagonist potency and selectivity for the -receptor by 13-fold (versus the -receptor) in the agonist stimulated [
35 S]-GTPS binding assay. In addition, BU09059 appeared to be more selective in the functional assays than the binding assays and this mirrors the findings for JDTic, which had only 12-fold selectivity in binding assays but substantially greater selectivity in functional assays (discussed in (21) ). Overall, BU09059 demonstrated a highly selective -receptor profile that made it particularly interesting for further testing in vivo.
Of the phenylpiperidine ligands tested, BU09057 was shown to have the lowest affinity for both the -receptor (Ki 158.6 nM) and the -receptor (Ki 475.0 nM) in the [ 3 H]-diprenorphine binding assay. In the isolated guinea pig ileum, BU09057 appeared to demonstrate modest antagonist potency for both the -(pA2 6.87) and -receptor (pA2 7.01) indicating it was a non-selective mixed  antagonist. The substitution of the original amide containing chain in JDTic, with an ester in BU09057, coupled with loss of the isopropyl side chain, appeared to dramatically reduce the affinity for the -receptor (almost 100 fold compared with BU09059).
Its closest analogue, BU09058 contained a one carbon longer ester linker and, among the novel compounds, BU09058 had the highest affinity for the -receptor (Ki 6.55 nM) and the -receptor (Ki 221.0 nM), with a somewhat reduced affinity for the -receptor (Ki 25.2 nM).
However, in the isolated guinea pig ileum, BU09058 had a very similar antagonist profile to that of BU09057 with modest antagonist potency at both the -(pA2 6.76) and -receptors (pA2 7.03). The major effect of the structural differences between BU09057 and BU09058 compared with BU09059 was loss of selectivity for the -receptor. The profile displayed by BU09057
and BU09058 may in itself prove interesting as mixed receptor antagonists have recently been shown to have anxiolytic-and or antidepressant-like activity in preclinical studies (25) . In addition, a combination of buprenorphine, a partial  agonist and  antagonist, and a selective  antagonist (ALKS33BUP), together providing predominantly  and  antagonism, has completed Phase II clinical trials in major depressive disorder patients (ClinicalTrials.gov identifier NCT1381107).
For in vivo studies, we first established that intraperitoneal injection in adult CD-1 mice of 1, consistent with its reported long duration of action in vivo (15) . However, BU09059 (3 and 10 mg/kg) showed significantly diminished antagonist activity, compared to norBNI (at equivalent doses, all p < 0.05) at 7 and 14 days post-injection. Overall, these results show a different timecourse of effect for the novel phenylpiperidine derivatives compared to norBNI, with BU09059 particularly showing a more rapid onset of action and a more rapid reversal of effects suggesting that this compound has a shorter duration of action than norBNI.
In vivo BU09059 was equipotent to the prototypic -antagonist norBNI but exhibited a different pharmacodynamic profile. Blockade of U50,488-induced antinociception in the tailwithdrawal assay by a single injection of norBNI, was effective 1 h post-injection, peaked at 7-14 d and was significantly diminished by 21 d post-injection, consistent with previous reports in the literature (15, 26) . BU09059 had a similar rapid onset of blockade of U50,488-induced antinociception, effective 1h post-injection. However, in contrast to norBNI, peak effects of BU09059 were observed at 24h post-injection and significantly reduced by 7 days. On the other hand, both BU09057 and BU09058 seemed to produce long-lasting -antagonism at days 7-14.
These two compounds are the more distant analogues of JDTic, lacking the isopropyl side chain entirely. The modification in BU09059, where the isopropyl side chain is replaced with an ester, indicates that this connecting linker unit may be structurally important in determining the duration of action of -antagonists, as well as influencing -selectivity.
These data suggest that the insertion of the hypothetically metabolically labile ester side chain into BU09059 can reduce the duration of -antagonist action while maintaining high affinity and selectivity for the -receptor. This approach to achieving shorter-acting compounds by integrating hydrolysable ester groups has been successful in a wide range of target drugs, including the receptor analgesic remifentanil (27) , beta-blockers (28, 29) , anticholinergics (30) and antiarrhythmic agents (31) . The prolonged -receptor antagonist activity of high affinity, Several new -antagonists have recently been reported with a shorter duration of -antagonist activity (32) (33) (34) (35) (36) . Different approaches have been adopted in the development of these ligands with some appearing to be shorter acting because they do not produce prolonged inactivation of the -receptor via JNK activation (17) . It is not known to what extent a different metabolic profile contributes to their shorter duration of action. Until recently, very little was known about the metabolism of the long-acting selective -antagonists in mice. JDTic, norBNI and GNTI all bind reversibly to -receptors in vitro and do not form covalent bonds with the receptor. Thus, in vitro they are competitive antagonists producing surmountable antagonism, although in vivo they are pseudoirreversible antagonists (12) . Following intraperitoneal administration, JDTic, norBNI and GNTI (all 10 mg/kg) are rapidly absorbed and eliminated from the plasma (37) . Clearly, plasma concentrations do not parallel the slow onset and long duration of -antagonism seen in vivo. These authors argue that their findings support the idea that selective -antagonists, with long duration of activity, act to produce an irreversible change in the -receptor, such as JNK-mediated inactivation. However, these authors also demonstrated that JDTic was only slowly eliminated from the brain, possibly because of accumulation in lysosomes, and that this effect might contribute to its long duration of action.
Munro et al. (37) also demonstrated that JDTic, norBNI and GNTI were hydrophilic with a low affinity for brain homogenate suggesting that they were unlikely to form lipid depots or nonspecific tissue binding. More recently, norBNI has also been shown to be detectable in mouse brain homogenates isolated up to 21 days after intraperitoneal administration (10 mg/kg), which outlasted its apparent -antagonist activity in the tail-withdrawal assay (38) .
However, the levels of norBNI detected were proven to be below the threshold required to produce -antagonism, supporting the idea that the long duration of -antagonist action cannot be simply explained by the presence of antagonist in the brain and corresponding occupancy of  receptors. BU09059 has a shorter duration of action in vivo than norBNI, JDTic and GNTI. While esters are a potential metabolic hotspot in a molecule, they are not necessarily easily metabolised, with some being metabolically stable. Furthermore, BU09059
lacks the isopropyl group present in JDTic and this may contribute to the shorter duration. Cell membrane preparation. Cell membranes were prepared from C6 rat glioma cells stably transfected with the rat -receptor (C6-;) or receptor (C6-; and CHO cells stably expressing the human -receptor (CHO- (39) (40) (41) . Emax values) were compared by a one-way ANOVA followed by Dunnett's post hoc test.
Probability p < 0.05 was taken to be statistically significant. The concentration ratio for the rightward shift of the agonist curve in the presence of antagonist was used to calculate the pA2 from a Schild linear regression plot (43) . Values are reported as mean ± SEM or mean ± 95% confidence interval (CI) for each treatment group.
Establishing non-toxic doses in vivo. Drugs were dissolved in 0.9% w/v saline solution and administered via intraperitoneal injection at volumes of 10 mL/kg. Toxicity of BU09057, BU09058 and BU09059 was assessed in naïve mice using a step-wise minimal numbers approach, starting at a low dose (1 mg/kg) and monitoring of behaviours (including respiration rate, posture, locomotor behaviour, pilo erection) (44) . If no toxicity was seen, higher doses up to 10 mg/kg were administered in step-wise increments.
Warm water tail-withdrawal test.
In vivo studies commenced at 10:00 am. Mice were positioned vertically and ~2 cm of the tail placed into a beaker of warm water (50 o C). The control tail-withdrawal latency was measured 30 min after saline injection (45) . Subsequently, the agonist U50,488 (10 mg/kg) was administered and the test latency measured 30 min later.
A cut-off time of 15 s was used to prevent tissue damage. Antinociception was calculated as percent maximum possible effect (% MPE) = (test latency -control latency) / (15 s -control latency) x 100. Mice were pre-treated with 0.9 % w/v saline, norBNI, BU09057, BU09058 and BU09059 (3 and 10 mg/kg) to assess their ability to block U50,488 induced antinociception in the tail-withdrawal test at 1h, 24 h, 7, 14 and 21 days post-injection. Data were analyzed using a 2-way repeated measures mixed model approach, with treatment factor "Treatment" and repeated factor "Time" using InVivoStat software (46) . Planned pairwise comparisons were made and Bonferroni's correction for multiple comparisons applied. Values are reported as mean ± SEM or mean ± 95% confidence interval (CI) for each treatment group. (25) . Mean values are also shown as nM. 
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